A-500359s, produced by Streptomyces griseus SANK60196, are inhibitors of bacterial phospho-N-acetylmuramyl-pentapeptide translocase. They are composed of three distinct moieties: a 5¢-carbamoyl uridine, an unsaturated hexuronic acid and an aminocaprolactam. Two contiguous cosmids covering a 65-kb region of DNA and encoding 38 open reading frames (ORFs) putatively involved in the biosynthesis of A-500359s were identified. Reverse transcriptase PCR showed that most of the 38 ORFs are highly expressed during A-500359s production, but mutants that do not produce A-500359s did not express these same ORFs. Furthermore, orf21, encoding a putative aminoglycoside 3¢-phosphotransferase, was heterologously expressed in Escherichia coli and Streptomyces albus, yielding strains having selective resistance against A-500359B, suggesting that ORF21 phosphorylates the unsaturated hexuronic acid as a mechanism of self-resistance to A-500359s. In total, the data suggest that the cloned region is involved in the resistance, regulation and biosynthesis of A-500359s.
INTRODUCTION
Nucleoside antibiotics are a structurally diverse group of secondary metabolites with a broad range of biological activities, such as antibacterial, antifungal, antiviral, insecticidal, immunostimulative, immunosuppressive and antitumor activities. For example, blasticidin S 1 and mildiomycin, 2 peptidyl nucleoside antibiotics containing cytosine-derived bases, are cytotoxic to fungi by virtue of binding to the 50S ribosomal subunit. Polyoxins and nikkomycins, peptidyl nucleoside antibiotics, also exhibit antifungal activity, but in this case by the inhibition of chitin synthase, 3 and have been commercialized in the United States and Japan for agricultural application. There are a large number of uracil-containing nucleoside antibiotics that have antibacterial activities, such as mureidomycins, pacidamycins, napsamycins, liposidomycins, caprazamycins, muramycins and capuramycins. 4 Interestingly, they all inhibit bacterial phospho-N-acetylmuramyl-pentapeptide translocase (translocase I), which is an enzyme that catalyzes the first step in the lipid cycle of peptidoglycan biosynthesis: the transfer of phospho-N-acetylmuramic acid-pentapeptide to undecaprenyl phosphate to generate undecaprenyl-disphospho-N-acetylmuramic acid-pentapeptide, also known as lipid intermediate I. As peptidoglycan has an essential role in the vitality of bacteria, and the biosynthesis of peptidoglycan is a proven target for many antibiotics, including b-lactams, vancomycin and bacitracin, translocase I represents a valid target for the discovery and development of new antibacterial agents.
Nucleoside antibiotics not only possess potent and desirable biological activities but also are endowed with unique structural features, suggesting the occurrence of novel or unusual enzymatic transformations during their biosynthesis. To date, six complete biosynthetic gene clusters for nucleoside antibiotics have been cloned and reported: nikkomycin and polyoxin, peptidyl nucleoside antibiotics containing a uracil-or 4-formyl-imidazolin-2-one base; 5, 6 puromycin, an adeninecontaining aminonucleoside antibiotic; 7 streptothricins, peptidyl guanidine nucleoside antibiotics; 8 and blasticidin S 9 and toyocamycin, pyrrolopyrimidine nucleoside antibiotics. 10 Furthermore, two enzymes involved in mildiomycin biosynthesis have been functionally characterized. 11 However, there have been no reports on the cloning and characterization of a biosynthetic gene cluster for nucleoside antibiotics that target translocase I. Given that deciphering the mechanism of assembly of nucleoside antibiotics inhibiting translocase I will ultimately facilitate applications to promote the molecular diversity of natural and unnatural nucleoside antibiotics and also to enhance the production of desired nucleoside antibiotics, we initiated studies to identify the biosynthetic locus for model translocase I inhibitors.
A-500359s, which are capuramycin derivatives classified as a family of glycosyl nucleoside antibiotics, are produced by Streptomyces griseus SANK60196. They consist of three primary moieties, a 5¢-carbamoyl uridine, an unsaturated hexuronic acid and an aminocaprolactam ( Figure 1 ). The biosynthesis of A-500359s was previously analyzed using isotope-feeding experiments and was reported by Ohnuki et al. 12 to reveal the origin of every carbon atom, including the potential precursors of each moiety as uridine, mannose and lysine, respectively. Recently, we showed that a giant linear plasmid (SGF200) in S. griseus SANK60196 might be required for A-500359s biosynthesis; however, the biosynthetic gene cluster was not identified in SGF200 (unpublished data). We report here the identification of a putative gene cluster involved in the biosynthesis, regulation and resistance of A-500359s. Using reverse transcriptase PCR (RT-PCR), open reading frames (ORFs) within this gene cluster are shown to be highly expressed during A-500359s production. In addition, we show that ORF21 within this locus confers selective resistance to A-500359B. The identification of the A-500359s gene cluster now sets the stage to explore the mechanism of biosynthesis of this family of nucleoside antibiotics.
MATERIALS AND METHODS

Chemicals, strains and general recombinant DNA techniques
Escherichia coli JM109, restriction enzymes and DNA-modifying enzymes were purchased from Takara Bio (Shiga, Japan). E. coli XL1-Blue MR was purchased from Stratagene (La Jolla, CA, USA). Media, growth conditions and general recombinant DNA techniques for E. coli were described by Sambrook and Russell. 13 Streptomyces albus J1074 and plasmid vectors pWHM3 14 and pWHM79 15 were gifts from Professor Ben Shen, University of Wisconsin at Madison. E. coli MG1655 (ATCC 47076) was obtained from the American Type Culture Collection (Manassas, VA, USA).
RT-PCR analysis
A loopful of mycelia of cultured S. griseus SANK60196 derivatives HP, 35-4, 37-3 and 37-9 was inoculated into a test tube containing 5 ml of PM-1 medium and cultured with shaking (310 r.p.m.) at 23 1C for 3 days, as described previously. 16 Then 1 ml aliquots of each culture were transferred into a 100-ml Erlenmeyer flask containing 20 ml OM-1 medium and cultivation was continued for 7 days. The cultured mycelia were harvested from the culture broth by centrifugation (20 000Âg, 5 min, 4 1C) and were treated overnight with RNAlater (Ambion, Austin, TX, USA) at 4 1C. Total RNA was isolated from the treated mycelia using RNAqueous (Ambion), according to the manufacturer's instructions. The isolated total RNA was treated with DNaseI to digest any contaminating genomic DNA. For RT-PCR cloning of NDPglucose dehydratase (NGDH) in S. griseus SANK60196, the total RNA isolated from the mycelia of strain HP cultured for 7 days was used for cDNA synthesis using TOYOBO RT-Ace (TOYOBO, Osaka, Japan), and the desired fragment was amplified by LA-Taq with GC buffer (Takara Bio). The NGDH degenerate primer pairs used for PCR (dehy-f: 5¢-CSGGSGSSGCSGGSTTCATSGG-3¢/ dehy-r: 5¢-GGGWRCTGGYRSGGSCCGATGTTG-3¢) were designed on the basis of the report by Decker et al. 17 RT-PCR amplification for expression analysis was carried out on a GeneAmp PCR system 9700 (Perkin-Elmer/ABI, Foster City, CA, USA) using TaKaRa One Step RNA PCR kit (AMV) (Takara Bio) and was conducted in 25 cycles. glk, encoding glucokinase, was used as an internal control, and unique primers (Glk-f: 5¢-CGGCGGCACGAAGATC-3¢/ Glk-r: 5¢-GCGCAGCTTGTTGCCG-3¢) were designed on the basis of the highly conserved sequences, IGGTKI and IGNKLR, corresponding to the N-and the C-terminal amino-acid sequence of glucokinase in Streptomyces coelicolor A3(2) (NP_626383), Streptomyces avermitilis MA-4680 (NP_827250) and S. griseus IFO13350 (YP_001826889).
Genomic library construction
S. griseus SANK60196 genomic DNA was partially digested with Sau3AI to give 30-to 50-kb DNA fragments. These fragments were dephosphorylated with bacterial alkaline phosphatase and ligated into BamHI-digested cosmid vector SuperCos1 (Stratagene), which was dephosphorylated by bacterial alkaline phosphatase after XbaI digestion. The ligation products were packaged with Gigapack III Gold packaging extract (Stratagene) as described by the manufacturer, and the resulting recombinant phage was used to transfect E. coli XL1-Blue MR. Approximately 20 000 colonies from the obtained genomic library were screened by colony hybridization using a digoxigenin (DIG)-labeled 0.55-kb fragment, including a part of the cloned putative NGDH. Hybridization was carried out using DIG easy hyb (Roche, Indianapolis, IN, USA) at 42 1C, and the resulting filter was washed under high stringency conditions (0.1Â SSC including 0.1% SDS, 68 1C). Detection was performed using CDP-Star (Roche) according to the manufacturer's procedures. The resultant positive cosmids were isolated and sequenced.
DNA sequencing
Automated DNA sequencing was carried out on an ABI PRISM 3700 DNA Analyzer (Perkin-Elmer/ABI). The DNA sequence of the isolated cosmids was determined by shotgun sequencing. The cosmid DNA was sheared using a Nebulizer Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's procedures and the treated DNA was analyzed by agarose gel electrophoresis. The DNA fragments from 1 to 3 kb were purified using a QIAquick PCR purification kit (Qiagen, Gaithersburg, MD, USA). The recovered DNA fragments were cloned into pHSG398 (Takara Bio) and transformed into E. coli JM109. Approximately 400 plasmids extracted using R.E.A.L. Prep 96 (Qiagen) were sequenced and the sequence data were assembled using ATGC (Genetyx, Tokyo, Japan). Database comparison for sequence homology was performed with BLAST search tools using the National Center for Biotechnology Information (Bethesda, MD, USA). The DNA sequence has been deposited in DDBJ under the accession number AB476988.
Disruption of tolC in E. coli MG1655 for a test of resistance ability against A-500359B
An in-frame deletion of the tolC gene (AC_000091) in E. coli MG1655 was carried out using the pKO3-derived plasmid carrying an in-frame fusion of the 5¢ and 3¢ flanking regions of tolC reported previously. 18 The pKO3-derived plasmid for the deletion of DtolC was introduced into E. coli MG1655-competent cells by electroporation, and integrants, which contained the plasmid in the chromosome, were selected using Luria-Bertani (LB) medium containing chloramphenicol at 43 1C. One of the integrants was grown in LB liquid medium without selection pressure for 9 h and the serially diluted culture broth was plated and incubated on LB agar supplemented with 10% (wt/vol) sucrose at 30 1C for 24 h. Chloramphenicol-susceptible and sucrose-resistant colonies were isolated and subjected to PCR for the confirmation of gene deletion using the following pairs of primers I: 5¢-AAGGAAAAAAGC GGCCGCTGCTAAACAGTATCGCAACCAGTC-3¢ and II: 5¢-CGCACGCATGT CGACTCGTATAGTGACGTTGGCGTATC-3¢. The resulting clone, named Figure 1 The structure of the two main capuramycin-related metabolites isolated from S. griseus SANK60196.
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Construction of orf21 expression vector in E. coli DtolC
An orf21 expression construct in E. coli was generated as follows: orf21 was amplified using primers III: 5¢-GCGAAGCTTGGTGGCAGCGGACGGG-3¢ (the HindIII site is shown in italics and the Ser residue of LacZ in bold) and IV: 5¢-GCGGAATTCTCAGGTTCGAGTCGCG-3¢ (the EcoRI site is shown in italics). The resulting 1-kb amplified fragment was cloned into pSC-B using a StrataClone PCR Cloning Kit (Stratagene) to yield strata-ec-orf21. After sequencing to confirm PCR fidelity, the HindIII-EcoRI fragment was excised from strata-ec-orf21 and introduced into pUC19 (Takara Bio) at HindIII-EcoRI sites to yield pUC19-orf21. The desired plasmid was transformed into E. coli DtolC-competent cells to confirm its resistance against A-500359B. E. coli DtolC harboring pUC19 was used as a control.
Construction of orf21 expression vector in Streptomyces
An orf21 expression vector in Streptomyces was constructed as follows: a 450-bp EcoRI-BamHI fragment that harbored the ermE* promoter from pWHM79 was ligated at EcoRI-BamHI sites in pWHM3 to yield pWHM3-Ep. orf21 was amplified using primers V: 5¢-GCGCTGCAGGTGGCAGCGGACGGG-3¢ (the PstI site is shown in italics) and VI: 5¢-GCGAAGCTTTCAGGTTC-GAGTCGCG-3¢ (the HindIII site is shown in italics) and the resulting 1-kb fragment was cloned into pSC-B using a StrataClone PCR Cloning Kit (Stratagene) to yield strata-st-orf21. After sequencing to confirm PCR fidelity, the PstI-HindIII fragment was excised from strata-st-orf21 and ligated into pWHM3-Ep at PstI-HindIII sites to yield pWHM3-Ep-orf21. The desired plasmid was introduced into S. albus J1074 by polyethylene glycol-mediated protoplast transformation 19 to confirm its resistance against A-500359B. S. albus J1074, harboring pWHM3, was used as control.
Test of resistance to A-500359B in Streptomyces and E. coli S. albus J1074, harboring the appropriate plasmid, was inoculated into 5 ml of Trypto Soy Broth (TSB) medium containing 50 mg ml À1 of thiostrepton and grown at 28 1C for 3 days. After homogenization, the culture broth was diluted with TSB medium to OD 600 ¼3.0. Ten microliters of 100-and 1000-fold dilution prepared from the resulting culture broth was spotted on the ISP-2 agar containing 0, 100, 200, 500 or 1000 mg ml À1 of A-500359B, and the spotted plate was incubated at 27 1C for 4 days. E. coli DtolC, harboring the appropriate plasmid, was inoculated into 2 ml of LB medium containing 100 mg ml À1 of ampicillin sodium salt and cultured at 37 1C for 1 day. The culture broth was diluted with LB medium to OD 600 ¼1.0. Twenty microliters of the resulting culture broth was spotted on the LB agar containing 0, 10, 100 or 1000 mg ml À1 of A-500359B with 1 mM isopropyl-b-D-thiogalactopyranoside and the spotted plate was incubated at 37 1C for 1 day.
RESULTS
Identification of A-500359s biosynthetic gene cluster
Using RT-PCR, it was observed that a gene for a putative NGDH was abundantly transcribed during the production of A-500359s in a highproducing strain (strain HP). In contrast, this same gene was not expressed in a mutant strain that does not produce A-500359s. A 550-bp fragment of the NGDH gene was subsequently cloned and sequenced, and the deduced amino-acid sequence of the cloned region resembled that of other NGDHs cloned to date.
The cloned NGDH fragment was used as a probe leading to the entire A-500359s biosynthetic gene cluster. Approximately 20 000 clones from the genomic library were screened using the DIG-labeled NGDH fragment. The resulting two contiguous cosmids, named ccap2 and ccap13, were isolated and sequenced by the shotgun method. Consequently, the sequenced DNA covered approximately 65 kb, revealing 38 orfs (Figure 2 ), including orf22, the NGDH gene. The sequence was analyzed by a comparison with the database, and the predicted functions of 38 ORFs are summarized in Table 1 .
The deduced functions of orfs 9, 11, 12, 13, 22 and 23 are those of 3-ketoreductase, NDP-4-keto-6-deoxy-glucose-2,3-dehydratase, UDPglucose-4-epimerase, glycosyltransferase, UDP-glucose-4,6-dehydratase and glucose-1-phosphate thymidylyltransferase, respectively. They have been frequently identified in natural product biosynthesis containing a sugar moiety such as that observed in the structure of A-500359s. The deduced function of orf7 is that of a non-heme, irondependent oxygenase. The orf10 gene encodes a putative clavaminic synthase (also a non-heme, iron-dependent oxygenase), which is a key enzyme in clavulanic acid biosynthesis. The orf8 gene encodes a putative truncated carbamoyltransferase, and the presumed function of orf14 is that of a serine hydroxymethyltransferase (SHMT). Although it is well known that SHMT has an important role in amino-acid catabolism, the deduced amino-acid sequence of ORF14 is significantly different from that of SHMTs conserved in Streptomyces. The orf16, -17 and -18 genes encode a putative CO dehydrogenase large subunit, small subunit and medium subunit, respectively. The orf21 gene encodes a putative aminoglycoside 3¢-phosphotransferase, which is commonly observed as a mechanism of self-resistance and is often found in aminoglycoside-producing strains. The orf26 and orf27 genes were deduced to encode non-ribosomal peptide synthetase, Identification of the biosynthetic gene cluster of A-500359s M Funabashi et al which catalyzes peptide bond formation, with the orf26 gene product consisting of a condensation (C), adenylation (A) and a peptidylcarrier protein (PCP) domain, and the orf27 gene product consisting of a C domain. The orf24 gene encodes a putative S-adenosylmethionine (SAM)-dependent methyltransferase, which is well known as a tailoring enzyme in secondary metabolite biosynthesis. The orf25 gene product belongs to the radical SAM superfamily, which is a group of enzymes that catalyze a wide range of reactions such as protein radicals, sulfur insertion, isomerization, ring formation, oxidation, dehydrogenation and unusual methylation included in various biosyntheses of secondary metabolites. 20 In particular, the function of orf25 was speculated to be that of C-methyltransferase by BLAST analysis. The deduced function of orf28 gene is that of a b-lactamase, which is often involved in the self-resistance to b-lactam compounds. The orf36 and orf37 genes encode putative regulatory factors for A-500359s biosynthesis.
Functional analysis of ORF21
The orf21 gene product, consisting of 334 amino acids, was deduced to belong to the aminoglycoside 3¢-phosphotransferase family, which catalyzes the phosphorylation of aminoglycoside antibiotics and confers resistance. The gene for the aminoglycoside 3¢-phosphotransferase is typically found in or near the biosynthetic gene cluster as observed for the aminoglycosides neomycin, ribostamycin, streptomycin and gentamicin, among others. 21 The 3¢-hydroxy group of A-500359s is essential for translocase I inhibitory activity (unpublished data), thus consistent with ORF21 catalyzing the phosphorylation of the hexuronic acid moiety of A-500359s as a mechanism for self-resistance. An efficient transformation system in S. griseus SANK60196 has not yet been developed; thus, the functional analysis of orf21 was heterologously conducted in S. albus J1074 and E. coli DtolC. S. albus J1074 does not grow on ISP-2 agar containing more than 100 mg ml À1 of A-500359B. On the other hand, E. coli MG1655 is resistant to A-500359B at all concentrations tested. Therefore, the gene, tolC, encoding a multifunctional outer-membrane channel, 22 was disrupted in E. coli MG1655 to yield the mutant strain E. coli DtolC, which was sensitive to A-500359B and does not grow on LB agar containing 100 mg ml À1 of A-500359B. S. albus J1074 and E. coli DtolC strains were thus utilized as test organisms.
S. albus J1074, harboring pWHM3-Ep or pWHM3-Ep-orf21, was initially analyzed for resistance to A-500359B. S. albus J1074/pWHM3-Ep did not grow on a TSB agar supplemented with A-500359B. On the other hand, S. albus J1074/pWHM3-Ep-orf21 acquired resistance against A-500359B and grew on ISP-2 agar at concentrations of A-500359B greater than 1000 mg ml À1 , as shown in Figure 3a . The orf21 gene was next expressed under the control of lac promoter in E. coli DtolC, and E. coli DtolC, harboring pUC19 or pUC19-orf21, was isolated and analyzed for resistance to A-500359B. E. coli DtolC/ (a) S. albus J1074, harboring pWHM3-Ep and pWHM3-Ep-orf21, was incubated on ISP-2 agar containing 0, 100, 200, 500 and 1000 mg ml À1 of A-500359B. 1/100 and 1/1000 indicate the dilution ratio of cultured mycelium spotted on the agar plate. (b) E. coli DtolC, harboring pUC19 or pUC19-orf21, was incubated on LB agar containing 0, 10, 100 and 1000 mg ml À1 of A-500359B with 1 mM IPTG.
Identification of the biosynthetic gene cluster of A-500359s M Funabashi et al pUC19 did not grow on LB agar supplemented with A-500359B at concentrations ranging from 10 to 1000 mg ml À1 . On the other hand, E. coli DtolC/pUC19-orf21 was resistant to A-500359B within the same concentration range, as shown in Figure 3b . Importantly, both S. albus J1074/pWHM3-Ep-orf21 and E. coli DtolC/pUC19-orf21 were not resistant to other tested aminoglycoside antibiotics, neomycin, kanamycin, G418, apramycin, gentamicin and streptomycin (data not shown). Therefore, it was concluded that ORF21 confers self-resistance to A-500359B and supports the fact that the A-500359s biosynthetic gene cluster has been cloned.
Expression analysis of A-500359s biosynthetic genes
A series of S. griseus SANK60196 mutants: an A-500359s highproducing strain (strain HP), an A-500359s low producer (strain 37-3) and A-500359s non-producers (strains 35-4 and 37-9) (unpublished data) were utilized to test the expression levels of orfs of the cloned region at various time points during A-500359s production. The production of A-500359A from strain HP was about 100-fold higher than that of strain 37-3 in a 7-day culture broth, and the gene expression pattern of A-500359s biosynthetic genes was compared between these two strains. The total RNA was prepared from 4-and 7-day-cultured mycelia and was used as a template for RT-PCR analysis. Specific oligonucleotide primers were designed to amplify all 38 orfs, as shown in Table 2 . glk, used as a control, was expressed in all the tested strains and no differences in the glk expression were detected. Most of the genes that are likely to be involved in A-500359s biosynthesis, such as orf7-14, -17, -18, -21-28, -30 and -37, were expressed in strains HP and 37-3. However, their expression levels in strain HP were significantly higher than those in strain 37-3. In addition, the expression of these same orfs could not be detected in the non-producing strains 35-4 and 37-9 ( Figure 4) .
DISCUSSION
We identified an NGDH gene, orf22, which is expressed in the A-500359s high-producing strain HP and not expressed in a mutant strain devoid of A-500359s production. Using this cloned NGDH gene, two contiguous cosmids (ccap2 and ccap13) were isolated from around 20 000 clones of a genomic library using the DIG Identification of the biosynthetic gene cluster of A-500359s M Funabashi et al system. Sequencing analysis by the shotgun method identified 38 ORFs within the span of the 65-kb region, as shown in Figure 2 and Table 1 . To confirm the relationship between the cloned region and A-500359s biosynthesis, orf21, encoding a predicted aminoglycoside 3¢-phosphotransferase, was heterologously expressed in S. albus J1074 and in E. coli DtolC to confirm its function as a mechanism for A-500359s resistance. Genes that confer self-resistance are frequently found in regions clustered with biosynthetic and regulatory genes, and this includes many examples of natural products the producing organisms of which utilize a phosphotransferase for self-resistance. For example, the neomycin resistance gene, neo1 (AAA26699), from Streptomyces fradiae, 23 the ribostamycin resistance gene, rph (AJ748131), from Streptomyces ribosidificus, 24 the streptomycin resistance gene, aphD (AJ862840), from S. griseus 25 and the hygromycin resistance gene, hyg21 (DQ314862), from Streptomyces hygroscopicus 26 are representative genes encoding phosphotransferases that confer selective resistance to the respective aminoglycoside. In addition to these aminoglycosides, the biosynthetic gene cluster of certain cyclic peptides also contain a gene encoding a phosphotransferase that confers resistance, including the viomycin resistance gene, vph (AY263398), from Streptomyces vinaceus 27 and the capreomycin resistance gene, cph (U13078), from Streptomyces capreolus. 28 As expected, the overexpression of orf21 under a strong promoter permitted S. albus J1074 and E. coli DtolC to grow on agar plates and liquid media containing high levels of A-500359B (Figure 3) , and significantly, the resistance was selective for A-500359B. This result strongly suggests that the 65-kb region including orf21 is responsible for A-500359s biosynthesis and production.
To provide additional evidence that the A-500359s gene cluster was cloned, RT-PCR analysis was used to show that orfs 7-14, 17, 18, 21-30, 34, 36 and 37 were expressed in strains HP and 37-3, which were A-500359s high and low producers, respectively, but were not expressed in strains 35-4 and 37-9, which were A-500359s non-producers (Figure 4) . Thus, the data support the fact that these orfs are required for A-500359s production. The minimal genes required for A-500359s biosynthesis were also deduced using RT-PCR and bioinformatics analyses. The A-500359s gene cluster is proposed to be contained within orfs 7-30 and, in addition, orf34 has an unknown function (a putative endonuclease), and orf36 and orf37 act as regulatory factors. Thus, it is proposed that the A-500359s gene cluster consists minimally of 26 orfs, with 18 orfs involved in biosynthesis, 6 orfs involved in resistance, regulation and transport (orfs 19-21, 30, 36 and 37), and 2 orfs of unclear function (orfs 29 and 34).
In conclusion, we have identified and cloned a gene cluster involved in the resistance and likely biosynthesis of A-500359s. Although the locus was identified using a probe for NGDH, it remains to be seen what role orf22 plays in A-500359s assembly. Despite this unknown function, we have shown that expression of the ORFs within this genetic locus is highly correlated with the production of A-500359s, and a gene (orf21) located within the cloned locus has been shown to confer selective resistance to A-500359s. Cloning of the A-500359s Figure 4 Gene expression analysis of 38 orfs in strains HP, 35-4, 37-3 and 37-9 by RT-PCR. HP, 35-4, 37-3 and 37-9 indicate the derivatives of the A-500359s producer. 4d and 7d are total RNA samples isolated from 4-and 7-day-cultured mycelia of S. griseus SANK60196 derivatives, respectively.
gene cluster now permits a thorough functional characterization of the genes involved in A-500359s biosynthesis, which will ultimately facilitate combinatorial biosynthetic methods to prepare novel compounds and expand the molecular diversity of both natural and unnatural nucleoside antibiotics.
